Abstract Alterations in expression of the DFF40 gene have been reported in some cancers. This study is an in vitro study of the therapeutic effects of gene transfer that lead to elevation in DFF40 expression within T-47D cells in the presence of sulfonamide drugs. In this study, we have constructed a eukaryotic expression vector for DFF40 and transfected it into T-47D cancer cells. We used real time RT-PCR to detect the expression of DFF40 and the MTT assay to determine effects of the sulfonamide drugs acetazolamide, sulfabenzamide, sulfathiazole and sulfacetamide on cell viability in the presence of increased and normal DFF40 levels. Cell cycle distribution was assessed by propidium iodide (PI) staining and the rates of apoptosis by annexin V/PI staining. The DNA laddering analysis was employed to evaluate apoptosis. We observed that overexpression of DFF40 was only effective in decreasing viability in cells incubated with acetazolamide and sulfabenzamide. There was enhanced apoptosis in these groups, particularly with acetazolamide. The cell cycle distribution analysis showed that in the presence of sulfonamide drugs there were no substantial changes in empty-vector or DFF40-transfected cells, except for those cells treated with sulfabenzamide or sulfathiazole. There was no DNA laddering in cells that expressed the empty vector when incubated with sulfonamide drugs. In contrast, we observed DNA laddering in cells that expressed DFF40 in the presence of acetazolamide. Our results have demonstrated that combinatorial use of some sulfonamides such as acetazolamide along with increased expression of DFF40 can potently kill tumor cells via apoptosis and may be beneficial for treatment of some chemoresistant cancers.
Introduction
The majority of chemotherapy drugs act by induction of apoptosis in cancer cells. However, in numerous malignancies the cancer cells can escape from apoptosis by the up-regulation of anti-apoptotic proteins and down-regulation of pro-apoptotic proteins [1] . Thus, interference with the apoptosis pathways may provide effective method for cancer therapy [2] . DNA laddering is a late event during apoptosis. DFF40, the main enzyme involved in this process, cleaves DNA into 30-50 kbp and 200 bp during early and late apoptosis, respectively [3] . In non-apoptotic cells, DFF40 is inhibited by DFF45, which also has a chaperone role allowing for appropriate folding of DFF40 into an active nuclease [4] . Activated caspase-3 in apoptotic cells degrades DFF45 and activates DFF40. The deletion or aberrantly spliced transcripts of the DFF40 gene is observed in some cancers [5] [6] [7] .
Sulfonamides are a large family of drugs that have various therapeutic potential uses which include anti-bacterial [8] , anti-carbonic anhydrase [9] , anti-metalloprotease [10] , diuretic [11] , anti-diabetic [12] , anti-thyroid [13] , antiviral, and anti-inflammatory [10] activities. Other studies have shown that these drugs can inhibit the proliferation and growth of cancer cells, which opens a new perspective in cancer treatment. Despite the common chemical domain in the sulfonamide family, different mechanisms are used to inhibit cancer cells and include carbonic anhydrase inhibition [14] , disruptions to the cell cycle during G1/S and G2/M transitions by disruption of microtubule assembly [15] [16] [17] , functional suppression of the transcriptional activator NF-Y [18] , and angiogenesis inhibition [19, 20] .
Here we evaluated the viability, cell cycle arrest, and induction of apoptosis in T-47D cells in the presence of four sulfa drugs: acetazolamide, sulfabenzamide, sulfathiazole and sulfacetamide in order to determine their antiproliferative mechanisms of action. Acetazolamide as a potent carbonic anhydrase inhibitor is a good choice for treatment of glaucoma, benign intracranial hypertension, altitude sickness, and seizures [21] [22] [23] [24] [25] . Acetazolamide can also inhibit cancer cell growth and invasion by inhibition of carbonic anhydrases and decreased expression of aquaporin-1 mRNA and protein. Other mechanisms of action of this drug have not been clarified [14, 26] . Sulfabenzamide, sulfathiazole, and sulfacetamide are also used to treat specific vaginal infections. In this study we have overexpressed DFF40 as a proapoptotic protein and followed its effects on T-47D cell response to sulfonamide drugs.
Materials and methods

Reagents
Roswell Park Memorial Institute Medium1640 (RPMI 1640), fetal bovine serum (FBS), streptomycin and penicillin were purchased from Gibco (UK). TRIzol reagent was obtained from the Invitrogen Corporation (Carlsbad, CA, USA). 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT) was purchased from Sigma (USA). The High Pure PCR Purification Kit, DNA Laddering and Annexin-V-FLOUS Staining Kits were obtained from Roche (Germany). The Plasmid Purification Kit was purchased from Qiagen. We obtained the Power SYBR Ò Green PCR Master Mix (Applied Biosystems, UK), cDNA Synthesis Kit, T4 DNA ligase and restriction enzymes from Fermentas Company (Germany). The pIRES2-EGFP and G418 were obtained from Clontech. The sodium salt of acetazolamide and other sulfonamides were purchased from Aventis Pharma (Canada) and Sina Darou (Iran), respectively.
Construction of the pIRES2-EGFP-DFF40 expression vector
The DFF40 sequence was prepared by PCR amplification from fibroblast cDNA by forward 5 0 -aatctcgaggcaat gctccagaagcccaag-3 0 and reverse 5 0 -aatccgcggtcactggcg tttccgcacagg-3 0 primers with restriction sites for XhoI and SacII (bold-underlined sequences). The PCR product and pIRES2-EGFP vector were digested with XhoI and SacII. Ligation of pIRES2-EGFP vector and PCR product of DFF40 was performed by mixing the vector and inserted DNA at a 1:5 ratio with 1 U of ligase (T4 DNA ligase) in 19 ligase buffer. Plasmid DNA was then transformed into DH5a Escherichia coli (Invitrogen) according to the manufacturer's protocol. Selected colonies were amplified overnight using a 4 ml broth culture, purified using the plasmid purification kit, and sequenced for accuracy prior to use in transfection experiments. For stable transfection, the pIRES2-EGFP-DFF40 and pIRES2-EGFP vectors (empty vector) were linearized by AseI restriction enzyme and purified by the High Pure PCR Purification Kit.
Cell culture, stable transfection, and detection of the DFF40 mRNA in transfected cells
The human breast cancer cell line (T-47D) was obtained from the Cell Bank of Pasteur Institute, Tehran, Iran. T-47D cells were grown in RPMI 1640 supplemented with 10 % FBS, penicillin (100 unit/ml) and streptomycin (100 lg/ml). Cells were maintained in a humidified atmosphere with 5 % CO 2 at 37°C. The culture medium was changed every other day and the cells were passaged when they reached 80-90 % confluency. For transfection, 5 9 10 6 cells were resuspended in 0.5 ml of PBS, mixed with 20 lg plasmid DNA and electroporated (350 V, 500 lF). The transfection mixture was added to 14 ml of RPMI medium that contained 10 % FBS and seeded into a 75 cm 2 flask. After a 2-day incubation period, the medium was replaced with medium that contained G418 (600 lg/ml). T-47D cells were transfected with the empty vector as the control.
Cellular DFF40 mRNA level was determined by real time RT-PCR. Total RNA was prepared from cultured cells using TRIzol reagent as recommended by the manufacturer's single-step chloroform extraction protocol. cDNA was generated by reverse transcription of 1 lg of total RNA using random hexamer primers (100 lM) and RevertAid TM M-MuLV Reverse Transcriptase working at 25°C for 5 min and 42°C for 1 h in a total reaction volume of 20 ll. The cDNA (25 ng) was amplified by specific DFF40 primers (forward: 5 0 -ttggagtcccgatttcagag-3 0 , reverse: 5 0 -ctgtcgaagtagctgccattg-3 0 ) and Power SYBR Ò Green PCR Master Mix in an ABI device (Applied Biosystems). Reaction parameters were: 95°C for 10 min, followed by 95°C for 10 s and 60°C for 1 min for 30 cycles. Relative gene expression of DFF40 was calculated with the 2 -(DDCT) method using GAPDH as the reference gene. To confirm PCR specificity, we subjected the PCR products to a melting-curve analysis. The expression level of DFF45 was determined with DFF45 specific primers (forward: 5 0 -ttctgtgtctaccttccaatacta-3 0 , reverse: 5 0 -ctgtctg tttcatctac atcaaag-3 0 ).
Incubation of cells with sulfonamide drugs
The sulfonamide drugs (acetazolamide, sulfabenzamide, sulfathiazole, and sulfacetamide) were dissolved at their LC 50 concentrations (determined from the MTT assays) in RPMI supplemented with 10 % FBS, penicillin (100 unit/ml), and streptomycin (100 lg/ml). The cells in two groups (cells transfected with empty vector or DFF40) were seeded 24 h before treatment. At 50 % confluency, cells were incubated with freshly prepared drugs at respective LC 50 concentrations. The cells were incubated for 48 h and then tested for viability, cell cycle distribution, and apoptosis.
Cell viability assay
The viability of cells that expressed the empty vector or DFF40 was determined in the presence of sulfonamide drugs by the MTT assay. The viable cells with an active respiratory chain and other electron transport systems can reduce MTT and other tetrazolium salts, and thereby form violet formazan crystals within the cells. In brief, after incubation with drugs, the medium was replaced with a 5:1 ratio of medium and MTT solution (5 mg/ml in PBS). The cells were incubated for 2 h at 37°C until purple formazan crystals were formed. Finally, the MTT-containing medium was removed, the formazan crystals were dissolved in dimethyl sulfoxide (DMSO) and absorbance was read at 570 nm. Cell viability was calculated as percent value relative to the blank group that was cultured in RPMI alone.
Cell cycle phase distribution
Following incubation under various treatments, cells were collected, centrifuged and washed with PBS, then fixed with ice-cold 70 % ethanol for 2 h. The cell suspension was centrifuged, resuspended in PBS that contained propidium iodide (10 lg/ml) and RNase A (100 lg/ml), and stored at room temperature for 30 min before flow cytometry analysis. A total of 10,000 events were acquired using a FACS Calibur flow cytometer (BD Biosciences). The two-dimensional plots of DNA content (x-axis, PI fluorescence) versu count (y-axis) were drawn for analysis.
Induction of apoptosis and necrosis in the presence of sulfonamide drugs
Apoptotic and necrotic cells were detected by the Annexin-V-FLOUS Staining Kit. The cells that expressed empty or DFF40 vector were incubated with sulfonamide drugs for 48 h. Following incubation, both attached and floating cells were collected and stained with annexin V-FITC/PI. The percentages of early apoptotic, late apoptotic, and necrotic cells were determined by flow cytometry. The occurrence of apoptosis in each group was assayed three times.
DNA laddering
Cells that expressed the empty vector or DFF40 were cultured in 25 cm 2 flasks and incubated with the sulfonamide drugs for 48 h. Following incubation, the cells were lysed in 200 ll lysis/binding buffer that contained 6 M guanidine-HCl, 10 mM urea, 10 mM Tris-HCl, and 20 % Triton X-100 for 10 min at 25°C. After the 10 min incubation, 100 ll isopropanol was added to the samples and transferred into the upper reservoir of the filter tubes (Roche, Germany). The filter tubes were centrifuged for 1 min at 8,000 rpm. After washing, the bound DNA was separated from the filter tube by 200 ll pre-warmed elution buffer (70°C). The amount of DNA was quantified spectrophotometrically at 260 nm. Equal amounts of DNA (3 lg) were loaded on a 1 % agarose gel and subjected to electrophoresis at 75 V for 90 min. DNA bands were visualized with UV light after ethidium bromide staining.
Results
Expression of exogenous DFF40 in T-47D cells
The eukaryotic expression vector pIRES2-EGFP-DFF40 was prepared and used to transfect T-47D cells by electroporation. After 3 days, the un-transfected cells were removed by G418 selection. We determined transfection efficiency by fluorescence microscopy of the GFP protein. (Fig. 1a) . Interestingly, the expression of DFF45 did not significantly change among the transfected cells (Fig. 1b) .
Cell viability assessment by MTT assay
The two groups of cells (those transfected with DFF40 or empty vector) were incubated with sulfonamide drugs at their LC 50 . We performed the MTT assay for all groups after 48 h. Overexpression of DFF40 sensitized the T-47D cells to the cytotoxic effects of the sulfonamide drugs. However, a significant effect was only detected in cells incubated with acetazolamide and sulfabenzamide (Fig. 2) . We assessed the cell cycle distribution and apoptosis in order to determine the mechanisms that contributed to reduced survival in these cells.
Cell cycle analysis
To determine the proportion of cells in different phases of the cell cycle, we used PI and flow cytometry to detect the DNA content in DFF40 and control cells (including the empty vector). We compared each phase between the two groups of cells (DFF40 and empty vector transfected cells) and concluded that the cell cycle arrest was not the main cause for reduction of cell viability in cells that overexpressed DFF40 (Fig. 3) . We considered the effect of sulfonamide drugs on the cell cycle in order to study the mechanisms for cytotoxicity. There were no significant differences in the cell cycle distributions when the cells were incubated with sulfonamide drugs, with the exception of sulfabenzamide and sulfathiazole. In both groups (DFF40 and control group), incubation with sulfabenzamide resulted in partial G2/M arrest whereas incubation with sulfathiazole resulted in partial S?G2/M arrest (Fig. 3 ).
Apoptosis/cell death assay
We used annexin V-FITC/PI double staining to determine whether reduced cell viability is due to decreased cell proliferation or increased cell death. In the early stages of apoptosis, phosphatidylserine (PS) transfers from the inner part of the plasma membrane to the outer layer, by which PS becomes exposed at the external surface of the cell. Annexin V is a phospholipid binding protein with a high affinity for PS. In addition, the membrane of a necrotic cell is permeable to PI, causing its accumulation in the cell nucleus.
Analysis of data was performed using the Flow software 2 and two-dimensional plots were divided into four square regions, Annexin -(DDCT) method using GAPDH as the reference gene. Numerical results are mean ± SD from at least three replicated experiments Fig. 2 Impact of DFF40 expression and sulfa drug treatments on cell viability was evaluated by the MTT assay. Cell viability was calculated as percent value relative to the blank (untreated) group. Data are shown as mean ± SD from three independent experiments sulfabenzamide induced apoptosis. We observed 20 % apoptotic cells with acetazolamide treatment and 15 % apoptotic cells with sulfabenzamide treatment. These amounts increased to 35 and 25 % in cells that overexpressed DFF40. The changes in apoptosis were negligible with other drugs (Fig. 4) .
DNA laddering
DNA laddering is a hallmark of late apoptosis where DNA becomes cleaved at inter-nucleosomal chromatin regions [27] . Our results showed that internucleosomal DNA fragmentation did not occur in cells incubated with LC 50 concentrations of the sulfonamide drugs. However, overexpression of DFF40 in combination with acetazolamide resulted in nucleosomal cleavage of DNA (Fig. 5) .
Discussion
A major obstacle in chemotherapy treatment is the resistance of cancer cells to programmed cell death or apoptosis. Morphological and biochemical events in apoptotic cells are remarkably similar across cell types and species. These alterations include activation of caspases, rounding up and shrinkage of cells, externalization of PS, chromatin condensation, membrane blebbing and DNA fragmentation [28] . DNA fragmentation is a late process in apoptosis and DFF40 is a key factor in this process. Since DFF40 is a downstream element in apoptosis its activation causes irreparable DNA damage leading to assured cell death. Thus, DFF40 can be considered as a preferable target for inducing apoptosis in cancer cells.
In this study, our first priority was to enhance the anticancer potency of some chemical drugs via augmentation of cellular tendency toward apoptosis. This was achieved by overexpression of DFF40, the main DNA nuclease at the late stage of the apoptosis pathway and cell death. We stably overexpressed DFF40 and unlike the Yuichi Kimura et al. study who showed that transient expression of DFF40 induced cell death [29] , we observed no cell death in the absence of apoptosis. DFF40 needs DFF45 for correct folding, however DFF45 can also inhibit it [27, 30, 31] . In fact, both the existence of DFF45 and also its elimination via apoptosis induction are compulsory for DFF40 to fragment DNA.
Here we have examined the effect of DFF40 overexpression in T-47D cells incubated with drugs from the sulfonamide family. We chose these drugs because our previous work showed that these cells were resistant to apoptosis in the presence of sulfa drugs [32] . Thus, if the sulfa drugs could induce apoptosis in the DFF40-overexpressed cells, we would be able to confirm our hypothesis that increased expression of DFF40 results in enhanced apoptosis.
Sulfonamides have a classical role in treatment of infections; however, some have anti-cancer effects. Different mechanisms are reported to explain the anticancer effects of these drugs. Some have anticancer effects by inducing cell cycle arrest and apoptosis. J30 (a novel oral indoline-sulfonamide agent) prevents assembly of tubulin by strongly binding to the colchicine-binding site resulting in accumulation of cancer cells in the G2/M phase of the cell cycle. J30 also causes apoptosis by Bcl-2 phosphorylation and activation of the caspase-9 and caspase-3 cascades [17] . Others have shown the anticancer effects of sulfa drugs via induction of autophagy [32, 33] . Additional strategies regarding anticancer effects of sulfonamide drugs include inhibition of carbonic anhydrases, matrix metalloproteinases, and interference in gene expression. [14, 18, 19] .
We initially studied the cell cycle arrest and apoptosis induction at LC 50 values of four sulfonamide drugs, acetazolamide (26 mM), sulfabenzamide (10.8 mM), sulfathiazole (6.5 mM) and sulfacetamide (41 mM) in the T-47D cells that expressed the empty vector. There was no change in cell cycle distribution except in cells incubated with sulfabenzamide and sulfathiazole, in which we observed cell cycle arrest in G2/M and S?G2/M (16 and 18 % increase relative to the non-treated cells), respectively (Fig. 3) . Our data illustrated that cell cycle arrest was not the main mechanism for the anticancer effects of the four sulfa drugs in decreasing cell viability (Fig. 2) .
In order to determine whether apoptosis was the main reason for the anticancer effects of these sulfa drugs, we measured the apoptosis induction. There were 20 % apoptotic cells in the cells treated with acetazolamide and 15 % apoptotic cells in those treated with sulfabenzamide. There were negligible apoptotic cells observed in those treated with sulfathiazole and sulfacetamide (Fig. 4) . However, the increased apoptosis observed under the various treatments were not enough to account for the 50 % reduction in viability observed in the MTT assays. Thus, cell cycle arrest and apoptosis induction were not the main mechanisms for the observed reduction in cell viability. However, apoptosis can be a subsidiary mechanism for the anticancer effects following acetazolamide and sulfabenzamide treatments.
Our results indicated that DFF40-overexpressing cells exhibited enhanced apoptosis in response to acetazolamide and sulfabenzamide. The net enhancements in apoptosis were 15 (acetazolamide) and 10 % (sulfabenzamide; Fig. 4 ). This supported the MTT results where the viability of these cells significantly decreased to 35 (acetazolamide) and 40 % (sulfabenzamide; Fig. 2 ). The equality between the intensified apoptosis and diminished viability of the cells has shown that the cause for further cell death in DFF40-overexpressed cells is apoptosis. This notion supports our hypothesis regarding augmentation of the potency of drugs for apoptosis in DFF40-over expressing cells. Thus, enhancement of DFF40 is able to increase cell sensitivity to apoptosis and could be envisaged as a therapeutic means for cancer treatment.
An additional tool for detection of cells undergoing apoptosis is DNA gel electrophoresis, which discerns DNA cleavage. Internucleosomal DNA fragmentation was only observed in DFF40-overexpressed cells incubated with acetazolamide (Fig. 5) . Thus, enhanced apoptosis in DFF40-over expressing cells is the main cause for DNA laddering in acetazolamide treatment. A conceivable explanation for this observation is the enhancement of caspase-3 activity in the presence of sulfa drugs to eliminate DFF45 inhibiting effects on DFF40. Increased caspase-3 activity, in the presence of sulfa drugs, was reported in our recent studies [32, 33] . Upon the induction of apoptosis, DFF45 is cleaved by caspase-3 and released from DFF40. The activated DFF40 breaks DNA in the inter-nucleosomal chromatin regions [34] .
Our previous studies showed that in the presence of sulfa drugs, despite increased caspase-3 activity, there was no DNA fragmentation in T-47D cells. In these cells the expression ratio of DFF45/DFF40 increased, which led to stronger DFF45 inhibitory effects on DFF40 in order to halt DNA fragmentation. In acetazolamide treatment, the increased DFF45/DFF40 ratio originated from reduction of DFF40 and unchanged expression level of DFF45 [35] . Thus, overexpression of DFF40 (Fig. 1a) with minimal effect on expression of DFF45 (Fig. 1b) results in a decline in the DFF45/DFF40 ratio, which causes DNA fragmentation in the presence of acetazolamide (Fig. 5) .
In summary, the present results indicated that overexpression of DFF40 was effective for apoptosis amplification, particularly for those drugs that had the potential for induction of apoptosis. Among the four sulfonamide drugs, only acetazolamide acted in this manner and decreased the DFF45/DFF40 ratio which triggered apoptosis in the target cells. Thus, overexpression of DFF40 in the presence of some apoptosis-inducing drugs might be targeted as a therapeutic treatment of breast and perhaps other cancers.
